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N-methylpyrollidoneThe inﬂuence of supporting electrolyte cations on the voltammetric behaviour and product distribution
in N-methylpyrrolidone-based carbon dioxide electroreduction systems is investigated. The reduction
potentials associated with TBABF4 (0.1 M) and corresponding alkali metal (M
+) electrolytes; LiBF4, NaBF4
and RbBF4 (focussing mainly on the reduction of the widely employed Li+ species) were established in
both the presence and absence of CO2 at polycrystalline noble metal working electrodes. In situ and ex
situ Raman spectroscopy, X-ray photoelectron spectroscopy, scanning electron microscopy and qualita-
tive element identiﬁcation via ﬂame testing were used to aid the assignment of reduction processes. It
was established that CO2 reduction products in the metal cationic systems were formed at a much less
negative potential than those found with the non-metal cation (1.5 V vs. Ferrocene, c.f. 2.2 V), how-
ever the resultant alteration of the surface environment was found to deactivate the electrode to further
CO2 reduction. The presence of CO2 in solution was found to affect the potential required for the bulk
deposition of metal from the electrolyte through the same process. Where TBA+ and M+ were employed
simultaneously in the system, the resultant voltammetry shared the majority of features with the pure
M+ system with CO2 reduction suppressed at more negative potentials therefore supporting the conclu-
sion that any ‘catalytic effect’ associated with TBA+ is in fact a lack of deactivation given by the M+ system,
rather than any enhancement offered by the former.
 2014 Published by Elsevier B.V.1. Introduction CO, by ion pairing with the TBA+. Li+ was reported to suppress theThe effect of electrolyte upon CO2 reduction has been over-
looked in comparison to the extensive research conducted into
the inﬂuence of the electrode material. In much of the CO2 reduc-
tion literature the supporting electrolyte is assumed to act simply
as a charge carrier, despite the signiﬁcant effects that the ion iden-
tity can have on the electrical double layer, on solvent properties
(such as viscosity and solvating parameters), ion pairing stabilisa-
tion of radicals and ions generated, as well as speciﬁc interactions
with the redox active species and the electrode surface.
Comparative studies exist exploring the link between support-
ing electrolyte identity, CO2 reduction potentials and product dis-
tribution although they focus heavily upon aqueous [1–5] and
methanol based systems [6–8]. The comparison of tetraalkylam-
monium and lithium salts in a CO2-saturated methanol solution
at a copper working electrode was reported to yield different CO2
reduction products (at higher overpotentials for the latter): the
authors concluded that CO formation from CO2 is promoted by
the tetrabutylammonium cation, TBA+ [7]. The mechanism for this
was suggested to be stabilisation of the high energy intermediate,2
reduction of CO2 however this was proposed to be linked to strong
Li+-CO2 ion pairing, forming a stable species in solution which was
then not further reduced.
Tetraalkylammonium salts have been reported to work as effec-
tive electron mediators for CO2 reduction by Bockris and co-work-
ers in an aprotic solvent system [9,10].
In this work we have investigated CO2 reduction employing N-
methylpyrrolidone, NMP, as the solvent. NMP is a dipolar aprotic
solventwith a largenegative electrochemicalwindow, lowvolatility
[11] and a high selectivity for CO2 solvation, so much so that it is
employed industrially for CO2 removal from gas streams under the
process name ‘‘Purisol’’ [12]. The electrolytes investigated were tet-
rabutylammonium tetraﬂuoroborate, TBABF4, and its alkali metal
(M+ = lithium, sodium and rubidium) analogues, LiBF4, NaBF4 and
RbBF4, at a standard concentration of 0.1 M. Focus was placed on
the lithium system due to the prominence of lithium salts in many
non-aqueous systems, such as the lithium-ion and lithium-air bat-
tery [13], providing a better insight into the expected reactivity of
CO2 with lithium hydroxide and peroxides once commonly used
aboard space craft to scrubCO2 fromthe atmosphere [14]. Thework-
ing electrode materials employed were gold and platinum (disk
electrodes, 2 mm diameter and foil 1 cm2) as both offer well deﬁn-
able, reproducible surfaces [15,16]. The solutionwas saturatedwith
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close to the equilibrium solubility of 0.145 M [17].2. Experimental
2.1. General
All electrochemical measurements, sample preparation and
spectroscopic measurements (except X-ray photoelectron spec-
troscopy, XPS, and scanning electron microscopy, SEM) were per-
formed at room temperature and pressure under either an Ar
(99.998%, BOC) or CO2 (>99.990%, BOC CO2) atmosphere.
All of the electrochemical measurements were made (and sam-
ples prepared) in a standard three electrode cell on an Autolab
Potentiostat (PGSTAT 100, Eco-Chemie) using GPES software
except the in situ Raman measurements for which a smaller cus-
tom-made thin layer cell was employed. An Ivium potentiostat
(CompactStat), with corresponding software, was employed for
the in situ Raman spectroscopy.
N-methylpyrrolidone NMP (99.5% anhydrous, Sigma Aldrich)
was found to give the cleanest solvent background when it was
syringed directly from the suba sealed container in which it was
supplied using a dried gas tight syringe into the cell. The aqueous
H2SO4 (95+%, Fisher) solution employed was made using DI water
(>18 MX cm resistivity), prepared using a Millipore reverse osmo-
sis unit coupled to an Elga ‘‘Purelab Ultra’’ puriﬁcation system
(Veolia Water Systems). Saturation of solution with CO2 typically
took 20 min of gentle bubbling, so de-gassing was allowed to pro-
ceed for 30 min to ensure saturation was reached.
The electrolytes tetrabutylammonium tetraﬂuoroborate
(P99.0%, Fluka Analytical), Lithium tetraﬂuoroborate (98%,
Sigma–Aldrich), Rubidium tetraﬂuoroborate (98%, Alfa Aesar) and
Sodium tetraﬂuoroborate (98%, Janssen Chimica) were used as
received. Ferrocene (Fc, 99%, Alfa Aesar) was employed as an inter-
nal calibrant added to the cell once the data from the system was
gathered, and a full CV covering the Fc oxidation and previous ana-
lyte processes was recorded, allowing the calibration of potentials
vs. Fc. The measurements were made vs. a ﬂame-cleaned platinum
wire pseudo-reference electrode in a glass tube ﬁlled with the cor-
responding electrolyte solution connected to the bulk solution by a
glass frit.
This was not done for the in situ Raman measurements due to
the limited cell space and inaccessibility of the solution once
sealed, so a bare Pt wire was employed without calibration post
measurement however no evidence was seen to suggest a shift in
potential.2.2. Working electrode preparation
The surface preparation of the various electrode materials
tested was vital for study of UPD, as such a strict regime was
adopted to allow reproducible surface conditions. The Au and Pt
foil/sheet (0.25 mm and 0.5 mm thick. 99.99%, Advent Research
Materials) were ﬂame cleaned and characterised by cycling in
0.1 M H2SO4 in the electrochemical cell. Cyclic voltammetric scans
were performed, initially at high scan rate (500 mV s1), from 0.0 V
to 1.7 V and back to 0.0 V for Au, and from 0.1 V to 1.3 V then to
0.3 V for Pt, then more slowly (100 mV s1) from 0.25 V to 1.6 V
to 0.25 V for Au, and 0.1 V to 1.25 V to 0.25 V for Pt until repro-
ducible scans, showing only the anticipated features [15,16,18],
were obtained. (Aqueous potentials are given vs. Ag/AgCl sat.)
Typically 10–30 scans were performed in total with potential
steps employed when necessary to form bubbles and aid mechan-
ical polishing of the surface (1.80 V and 0.1 V vs. Ag/AgCl for Au
and 1.6 V and 0.3 V vs. Ag/AgCl for Pt).2.3. Raman spectroscopy
Raman spectroscopy was performed using a 633 nm excitation
wavelength (Renishaw RL633 Class 3B 20 mW HeNe laser) at 10%
intensity. The Raman spectrometer was a Renishaw Mk1 System
2000 RM controlled using Wire software on a Windows 95 operat-
ing system, and ﬁtted with an Olympus BH2 microscope.
Gold surfaces have been reported to offer signiﬁcant augmenta-
tion of signals of species found at the surface over similarwavenum-
ber regions, 300–2000 cm1, using the same HeNe laser source
(k = 633 nm). The enhancement in signal intensity from the surface
enhancement effect can be up to 1010, allowingmuch greater sensi-
tivity than seen in tradition Raman spectroscopy, which relies upon
a relatively weak inelastic scattering effect. The mechanism by
which the SERS effect occurs is complex and is dependent upon both
the surface, as the name suggests, and also the metal–molecule
charge transfer and an allowed molecular resonance [19].
The interpretation of SERS spectra can be challenging as the tra-
ditional selection rules for Raman activity no longer necessarily
hold as the adsorption of species at the electrode surface can result
in an alteration in symmetry of the molecule and different adsorp-
tion sites or applied potential on the same surface can result in dif-
ferent modes of chemi- or physisorption, which in turn can result
in signal loss, gain and alterations in wavenumber, strength or
form of the signal response [20].
2.4. XPS measurements
Measurements were made at Newcastle University using the
NEXUS service on an AXIS Nova XPS Spectrometer (Kratos
Analytical).
The following experimental parameters were used; XPS spec-
trum lens mode with ﬁeld of view 1, with a survey resolution of
pass energy 160 eV and acquisition time of 362 s for 3 sweeps.
An aluminium anode (225W) was employed with a step size of
1000 meV and dwell time 100 ms with the charge neutraliser off.
Analysis and ﬁtting was done using CasaXPS software Version
2.3.17dev6.2a.
2.5. SEM measurements
The secondary electron and backscattered electron imaging, as
well as the energy dispersive X-ray analysis (EDAX) of selected
samples, were done using a FEI Quanta 200 SEM system operated
at high vacuum.
2.6. Flame tests
A previously cleaned piece of Pt or Au foil, held in clean twee-
zers, was put into the ﬂame (Bunsen burner or small butane Prox-
xon Microﬂame burner, respectively). Once the ‘blank’ was run the
prepared, washed sample was similarly exposed and any colour
change in the ﬂame (and associated qualitative intensity of such)
was recorded.
3. Results
CO2 reduction from saturated NMP solution containing alkali
metal cations, M+, and tetrabutylammonium, TBA+, as supporting
cations was found to give dramatically different voltammetry as
illustrated in Fig. 1.
It is immediately obvious that, over the potential range pre-
sented, there is signiﬁcantly more CO2 reductive current observa-
ble in the presence of TBA+ than Na+ from 2.2 V (vs. Fc) onward.
Each of the alkali metal electrolytes yielded a similar response
to Na+ with a peak, or series of small peaks, prior to the point at
Fig. 1. CV of CO2 saturated NMP at Au WE (2 mm diameter) with NaBF4 (0.1 M,
shown in red) and TBABF4 (0.1 M, shown in purple) supporting electrolyte. Scans 1
(dashed) and 5 (solid) shown. Scan rate 200 mV s1. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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reduction currents (comparable to those observed with TBA+ from
2.2 V onward) not seen until a potential as low as 3.3 V (i.e. an
additional overpotential of 1.1 V) was applied.
In the presence of TBA+, the formation of bubbles at the working
electrode was observable under bulk electrolysis conditions,
believed to correspond to the formation of CO from CO2 reduction,
as reported in the absence of a proton source on a gold or platinum
working electrode [21]. In the presence of M+, gas formation was
not observed. These observations are the basis of the aforemen-
tioned mediation of CO2 reduction by TBA+.
The negative potential window for the M+ systems was limited
by the bulk reduction of M+ to M0, which was observed to shift to
more negative potentials in the presence of CO2 for both Na+, Rb+
and to a lesser extent Li+ as summarised in Table 1.
3.1. Bulk reduction of M+
The potential shift (compared to water) at which the bulk metal
ion reduction occurred in the absence of CO2 was predicted by the
Born model (Eq. (1)) [22], where the known standard reduction
potential of the metal ions in aqueous solution can be converted
to give the expected Gibbs energy change, therefore reduction
potential in a different solvent environment.
DG ¼ Naz
2e2
8pe0ri
1
eNMP
 1
eH2O
 
ð1Þ
where DG is the Gibbs energy change upon moving an ion of radius
ri and charge z from water, with relative permittivity eH2O to NMP,Table 1
Literature, predicted and observed M+ reduction potentials. Literature values in aqueous ph
from Ref. [23]. Predicted values calculated via (1) and (2). Observed values measured in 0.1
measurement as internal calibrant. *CO2 system gave less reproducible E however was co
Cation Literature standard
potential E0(aq)/V (vs. Fc)
Predicted standard potential via Born
model E0(NMP)/V (vs. Fc)
Obser
(expe
Li+ 3.59 (3.04) 3.45 3.60
Rb+ 3.53 (2.98) 3.46 2.91
Na+ 3.29 (2.74) 3.18 2.72with a relative permittivity eNMP. e and e0 are the elementary charge
and vacuum permittivity respectively.
The change in Gibbs energy can then be related to the shift in
potential using Eq. (2);
DG ¼ nFE ð2Þ
where n, the number of electrons transferred is one and F is the Far-
aday constant.
For each of the metal cations employed, the values of the stan-
dard redox potential in aqueous solution, the predicted values
upon solvation in NMP and the observed experimental reduction
potential in the absence of CO2 for the bulk metal deposition are
given in Table 1, along with an indicator of the potential at which
bulk reduction was seen to begin where CO2 was present in the
system.
From the data given in Table 1, the Born model predicts that
each of the M+ cations are more easily reduced in NMP than H2O,
with the magnitude of the positive potential shift expected to be
Li+ > Na+ > Rb+. This was not observed to be the case experimen-
tally with Rb+ and Na+ experiencing the largest positive shift in
potential, DEobs  0.6 V rather than the predicted DEpre = 0.077 V
and DEpre = 0.109 V, respectively.
Li+ reduction was observed at a signiﬁcantly more negative
potential than predicted with the experimental value approxi-
mately the same as that predicted for reduction in aqueous solu-
tion. The position of the ferrocene reference couple may alter
slightly upon alteration of the electrolyte but this is unlikely to
explain the magnitude of the deviation seen. It is much more likely
that speciﬁc chemical interactions between the electrolyte ions
and NMP occur. These interactions are not taken into consideration
by the Born model where the solvation effects are assumed to be a
result of long range electrostatic effects. There is also trace water
present in the NMP. Lithium ions being the smallest (crystallo-
graphic radius, r = 90 pm) [24] and most electronegative species
would be expected to attract more water from bulk solution into
their solvation shell [25], which could also be expected to mini-
mise the expected shift in potential. The fact that the Li+ ions
remained hard to reduce is evidence of some extra stabilisation
of the ion not accounted for by the relative permittivity of the
solvent.
Na+ (crystallographic radius, r = 116 pm) and Rb+ (crystallo-
graphic radius, r = 166 pm) [24] are both reduced at more positive
potentials than predicted, indicating that the converse case holds
and that these ionic species are subject to additional destabilisa-
tion, therefore favouring reduction to form the metal.
The Gibbs energy of transfer of monovalent cations from water
to various non-aqueous solvents have been measured experimen-
tally and reported. This data does not take into consideration the
effect of the electrolyte anion, however the values found for the
transfer from water to NMP were given as follows; DG(Li+) =
35 kJ mol1, DG(Na+) = 15 kJ mol1 and DG(Rb+) = 8 kJ mol1
[26]. This would correspond to expected M+ reduction potentials
in NMP of E(Li+) = 3.95 V, E(Rb+) = 3.61 V and E(Na+) = 3.35 V,
which although offset from the potentials observed experimen-
tally, does show closer agreement with the trend observed. Thease translated to vs. Fc via Ref. [22] Original values vs. SHE given in parentheses taken
M solution at Au WE (2 mm diameter) by CV (200 mV s1) with Fc added after initial
nsistently shifted negative.
ved reduction potential
rimental) E(NMP)/V (vs. Fc)
Observed reduction potential with CO2
(experimental*) E(NMP)/V (vs. Fc)
3.9
3.5
3.9
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may be indicative of speciﬁc solvent-electrolyte interactions as
well as ion pairing effects.
3.2. Pre-bulk electrolysis processes
The nature of the reductive processes seen in the presence of
M+, particularly those prior to the expected onset of CO2 reduction
in the TBA+ system, were explored in more detail, both in the pres-
ence and absence of CO2 as seen in Fig. 2.
From Fig. 2, in the absence of CO2, it can be seen that over the
majority of the potential window, more reductive current is
observed although the processes seen are at similar potentials.
Very similar voltammetry was found for all of the alkali metal cat-
ions on both platinum and gold working electrodes, with the peaks
shifted or less clear on occasion, but the same processes are evi-
dent in both Ar de-aerated and CO2 saturated solutions.
The relationship between oxidative and reductive peaks seen
prior to bulk reduction was explored by variation of the vertex
potentials with dependence upon contaminants checked through
the addition of water and varying degrees of de-aeration of the
solution. The peaks observed in the absence of CO2 in the non-
aqueous system were assigned as described in the next section of
text.
The voltammetry of a selection of lithium salts in a variety of
non-aqueous aprotic solvents (including propylene carbonate
[27,28], dimethoxyethane [27], tetrahydrofuran [27,29], acetoni-
trile [30,31] and solid polymer electrolyte [32] at noble metal
(polycrystalline and single crystal [29]) electrodes has been inves-
tigated by other groups, and although LiBF4 and NMP have not
been speciﬁcally employed, the voltammetric characterisation is
in keeping with earlier ﬁndings [27,29,31,33,34]. From a methodi-
cal and exacting electrochemical analysis previously undertaken, it
was reported that the electrolyte anion has little inﬂuence over the
exhibited behaviour but the impurities present and working elec-
trode material can affect the product distribution, potentials and
processes undergone [27].
The ﬁrst process seen in Fig. 2 in the absence of CO2, hereafter
denoted 1(A), has been reported as being linked to residual oxygen
reduction to form superoxide and lithium peroxide (LiO2 and Li2O2
respectively) [27]. The broad shoulder observed is consistent with
two different processes giving two different products. This peak is
only seen on the ﬁrst scan, which ﬁts the expected behaviour as the
formation of this layer at the electrode surface is reported to deac-
tivate the electrode toward further oxygen reduction [27].Fig. 2. CV of Ar purged and CO2 saturated NMP at Au WE (2 mm diameter) with
LiBF4 (0.1 M) supporting electrolyte. Scans 1–3 shown for each. Scan rate
200 mV s1.Experimentally the degree to which de-aeration of the solvent
was undertaken was observed to affect the magnitude of the cur-
rent associated with this peak. With stringent oxygen exclusion
it could be lessened, although not eliminated completely, strongly
supporting the correspondence of the data gathered in NMP with
that available in the literature in other aprotic solvents [27]. The
effect on the voltammetry of the degree of solution saturation with
oxygen gas, crudely controlled through the de-gassing time, offers
further support to this assignment as can be seen in the supporting
information, Fig. SI A.
The second process in the absence of CO2, hereafter 2(A), is
associated with H2O reduction, as it was seen to grow signiﬁcantly
upon addition of water to the system. The water reduction in the
presence of Li+ results in formation of a lithium hydroxide layer
at the electrode surface (LiOH), for Li+ reduction on Au in acetoni-
trile and other aprotic solvents [27]. This layer is not completely
deactivating towards further water reduction as reduction in this
region can be seen on subsequent scans. The potential was seen
to be shifted after the ﬁrst cycle, however this could well be due
to the pH change as well as the change in nature of the working
electrode.
The third non CO2 process, 3(A), is consistent with the reported
underpotential deposition (UPD) of lithium in aprotic solvents [27]
and occurs prior to the potential required for bulk deposition of
lithium, which is process 4(A). The oxidative peak 6(A) is the cor-
responding underpotential stripping (UPS) peak, which shows an
equivalent charge to the UPD.
The bulk deposition of lithium, process 4(A), shows a ‘‘nucle-
ation loop’’ on the ﬁrst scan which is characteristic of the formation
of a new phase [27,31], with the corresponding stripping peaks
marked as process 5(A). Less deposition and associated stripping
is seen in subsequent scans over this potential range where only
the very initial bulk deposition is observed, however when this
process was investigated over a more negative potential range,
and with potentials held for varied lengths of time in this range,
the deposition and stripping regions responded as expected and
were reproducible with scan. The oxidative charge for the stripping
process was generally observed to be less than the charge seen on
the reduction (process 4(A) of Fig. 2). This may be due to the forma-
tion of Li–Au alloys in the same potential region, which have been
reported by other researchers [27,29,33–35].
The response of system in the presence of CO2 is shown by the
blue traces presented in Fig. 2. The processes (denoted (C)) seen
upon saturation of the electrolyte solution with CO2 are in the
same potential regions as previously seen in the absence of CO2,
however distinct differences are seen, some of which are quite
unexpected. Processes 2(C), 3(C) and 5(C) are as described above
in relation to the CO2 free system, although not observable to the
same degree with the hydroxide layer formation, UPD and bulk
deposition all suppressed signiﬁcantly in the presence of CO2.
This is seemingly due to the difference in process 1(C), labelled
above as ‘‘O2 dependent’’. This peak no longer shows a shoulder
and is consistently the most pronounced feature in the voltamme-
try (until very extreme potentials where bulk deposition begins) in
CO2 saturated M+ solution. This ﬁnding is at odds with the lower
concentration of oxygen evident in the electrochemical measure-
ments made in CO2 saturated solution for the analogous system
where TBA+ supporting electrolyte is employed. In this system
the O2 current response was observed to decrease signiﬁcantly
upon CO2 saturation. CO2 is very soluble in NMP with the concen-
tration, or reactivity at the electrode surface, of O2 depleted or sig-
niﬁcantly reduced by CO2 saturation hence it is deduced that peak
1(C) is not attributable solely to oxygen. In the absence of CO2 the
reduction of trace oxygen forms the previously discussed LiO2/
Li2O2 layer [27]. The proposed mechanistic steps for this are as
follows;
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O2 þ e ! O2 þ e ! O22 þ 2Liþ $ Li2O2
2O2 þ 2e ! 2O2 $ O2 þ O22 þ 2Liþ $ Li2O2
As seen, there are 1 or 2 electron pathways resulting in the two
possible products.
In the presence of CO2 however, the small quantity of O2
formed, rather than interacting with the Li+ directly, may instead
react with CO2, present at a much higher concentration than the
trace O2, or even Li+. Due to the high stability of Li+, the CO2 as well
being more abundant may be the more reactive of the constituents.
A possible reaction mechanism is therefore [36,37];
2O2 þ 2e ! 2O2
O2 þ CO2 ! CO4
CO4 þ e ! CO24
CO24 þ CO2 ! C2O26
The C2O62 may be further reduced and disproportionate to give
carbonate;
C2O
2
6 þ 2e ! 2CO23
Alternately the dianion may be stabilised through interaction
with Li+ and further reduced [36];
C2O
2
6 þ Liþ ! LiC2O6
LiC2O

6 þ e ! LiC2O26
LiC2O
2
6 þ e ! LiC2O36
LiC2O
3
6 þ Liþ ! Li2C2O26
Li2C2O
2
6 þ Liþ ! Li3C2O6
Li3C2O

6 þ Liþ ! ðLi2CO3Þ2 ! 2Li2CO3
The stabilisation offered by the presence of the lithium counter-
ions and possible electrode surface adsorption means that the
intermediates considered above, found to lack stability in other
systems, could form lithium salts and yield stable products in addi-
tion to the peroxydicarbonate, C2O62, reported from the reaction of
CO2 and O2 with TBA+ supporting electrolyte in DMSO [38]. Also
the availability of O2 and superoxide may affect the distribution
of products with superoxide having been reported by several
groups to result in the activation of carbon dioxide in aprotic sys-
tems [37,39,40]. Analogous processes have been suggested to occur
on CO2 reduction in the presence of Na+ [41,42].
The higher charge density of the alkali metals compared to TBA+
means the former are more likely to form insoluble ionic salts in
media such as NMP. Speciﬁcally, Li2CO3 has a very low solubility
in many solvents including NMP and water [21,22,43] and is likely
to cause the observed electrode deactivation if formed at the elec-
trode surface. The number of electrons required for the formation
of the reaction products is different, with 1 or 2 e per oxygen mol-
ecule required in the absence of CO2 to give LiO2 and Li2O2 however
up to 4 e per oxygen are consumed in the mechanism suggested
above for Li2CO3 formation. This may explain why process 1 is
more pronounced in CO2 saturated solution, where a lower oxygen
concentration is expected, than in its absence. Upon addition of
CO2 and O2 gases simultaneously to the system there was not asigniﬁcant increase in current compared to both CO2 and O2 satu-
rated systems, as illustrated by Fig. SI B. This is in keeping with the
reduction process being surface limited, with ﬁlm porosity a key
factor in determining the overall response.
The potential associated with process 1 was applied to both sys-
tems (i.e. with and without CO2). The working electrodes were sub-
sequently removed from the solution, sonicated in pure solvent
and water to remove dried electrolyte and subjected to ﬂame test-
ing in an attempt to qualitatively identify surface bound metals.
Analogous experiments were conducted where Li+ was exchanged
for Na+ and Rb+.
The electrodes with the potential held at the potential of this
ﬁrst peak in the absence of CO2 showed no evidence of metallic
species remaining on the electrode surface after sonication. By con-
trast each of the CO2 systems, when subject to the same potential
and sonication process, gave distinctive coloured ﬂames corre-
sponding to the nature of the metal cation employed [44].
Another difference seen between the CO2-free and saturated sys-
temswas the appearance of the electrode after use. In the absence of
CO2, the electrode surface appeared discoloured and dull after use,
this was particularly apparent on the gold surface but also noted
on platinum. This darkening of the surface was not observed in the
presence of CO2 during almost all experiments run with the alkali
metal cations. Initially, the darkened electrode was thought to be
due to the formation of impurities at the surface of the electrode,
however upon cycling in acid, the voltammetry suggested instead
a signiﬁcant rougheningof the surface. Anexampleof a goldCVmea-
sured in H2SO4 prior to, and after, use in the CO2 free M+ system is
given in Fig. 3(a). Also shown in Fig. 3 are optical micrographs taken
of the Au surface, Fig. 3(b), prior to non-aqueous electrochemical
measurements, and after use in LiBF4 saturated with Ar (Fig. 3(c))
and CO2 (Fig. 3(d)), where the roughening of the Au is illustrated
clearly only in the absence of CO2.
The micrographs presented in Fig. 3 show the gold surface prior
to electrochemical use, (3b), and then after the application of nega-
tivepotential of3 V, prior to thebulk lithiumdepositionprocess, in
0.1 M LiBF4-NMP solution both de-aerated solution (3c) and upon
CO2 saturation (3d). From comparison of these images it can be seen
that (3b) and (3d) are very similar; no overt change in the electrode
appearance after application of potential in CO2 saturated solution
was observed. The voltammetric response in acid of this electrode
remained consistent with that of the starting material (black trace
of Fig. 3(a)), however the response (Fig. 3(c)) from the analogous
CO2 free solution, is strikingly dissimilar. The surface is no longer
smooth and shiny like the starting material, but is instead macro-
scopically black and dull andmicroscopically pitted and roughened.
The voltammetry measured in acid, (shown in Fig. 3(a), red trace),
showed no evidence of contaminants upon the gold surface, how-
ever the charge associated with the oxide formation and stripping,
seen at 1.0 V and 0.6 V (vs. Ag/AgCl) respectively, is considerably
higher after reductive cycles. Both this and the apparent darkening
of the electrode surface are attributed to a signiﬁcant increase in sur-
face roughness. From the ratio of the electrochemically established
working area (through oxygen adsorption measurement) [45] and
thegeometric surfacearea, itwas established that the surface rough-
ness increased by 300–1500%, dependent upon the potential, cycles
undertaken (the roughness increase stabilises after ca. 20 cycles)
and time of the electrochemical exposure of the electrode to the
LiBF4 CO2-free solution. After repetitive cycling in acid (up to 100
times), the voltammetric response was shown to settle back to, or
close to, the CV seen prior to use.
In the M+ systems without CO2, gold oxidation and reduction
processes were present which were not seen in the presence of
CO2 as can be seen particularly clearly in Fig. 4.
The oxidative peak found between 0.9 V and 0.4 V in the
degassed response of Fig. 4 and its corresponding reduction, seen
(b)
(c) (d)
(a) 20 µm
20 µm20 µm
Fig. 3. (a) CV measured at Au WE (5 mm2), in 0.1 M H2SO4 prior to (black) and after (red) use in LiBF4 NMP solution in the absence of CO2. Scan rate 100 mV s1; (b)
micrograph of fresh gold foil surface (50) (c) micrograph of gold foil surface after application of 3 V for 3600 s in LiBF4 NMP solution in the absence of CO2 (50); (d) as (c)
except CO2 saturated solution used. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. CV of Ar degassed (red) and CO2 saturated (blue) NMP at Au WE (2 mm d)
with NaBF4 (0.1 M) supporting electrolyte. Third scan is shown. Scan rate
200 mV s1. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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reduction observable over this potential range as a result of the
presence of the hydroxyl groups [27]. The presence of the hydrox-
ide layer (seen to a signiﬁcant extent only in the absence of CO2)has been reported to enhance this process, which may explain
why the voltammetry over the same potential range measured in
CO2 saturated NaBF4, seen in Fig. 4, shows no such peaks [27]. This
gold oxidation and reduction combined with the much higher
degree of lithium metal deposition, stripping and alloy formation
and destruction could well result in the roughening of the gold
as in this system, unlike the CO2 saturated M+ systems, there is
clear evidence of the gold taking an active role in the reactions.
In the presence of CO2 a protective, insoluble deactivating layer
appears to form over the gold surface, with the gold showing no
signs of oxidation and reduction and no deposition until much
more negative potentials than seen in the absence of CO2. The acid
cycling of the gold electrode after use in the CO2 saturated system
over the potential range prior to bulk reduction, in contrast to the
response seen in Fig. 3(b) in the absence of CO2, shows no signiﬁ-
cant current enhancement with a slight reduction in the oxide
stripping and formation charges seen in some cases.
3.3. Surface enhanced Raman spectroscopy
The nature of the surface processes and deposits formed on the
electrode surface upon application of potential were investigated
using surface enhanced Raman spectroscopy, SERS [46]. As a gold
working electrode was employed for the reductive voltammetry,
this technique is well suited as a probe for this system as rough-
ened gold is reported to be one of the most active surfaces for SERS
[19].
The in situ Raman spectra were measured over the full potential
range for the lithium electrolyte NMP system, with and without
CO2, with the aim of assessing any differences seen. The spectrum
Fig. 5. Main; In situ SERS: LiBF4 (0.1 M) in Ar degassed NMP at an electrochemically prepared gold foil working electrode (1 cm2) at potentials 0.7 V to 4.8 V vs. Fc
(corresponding voltammetric response given in Fig. 9) inset; enlargement of the regions 420–445 cm1 and 1575–1590 cm1.
Fig. 6. Current response at t = 30 s for each of the applied potentials corresponding to the in situ SERS gathered. Square points (red) show measurements made in the absence
of CO2 in the LiBF4-NMP system described above, diamonds (blue) correspond to the CO2 saturated system. Left shows the full current–potential range observed with the plot
on the right an enlargement to show the processes occurring at less negative potentials more clearly. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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applied potentials and corresponding current responses for the
CO2 and CO2 free spectra in Figs. 5 and 6 (the corresponding Raman
spectrum for the CO2 saturated system is given in SI Fig. C).
The most signiﬁcant features observable in Fig. 5 are attributed
to the NMP in the system and found consistently for all of the SERS
measurements made in solution. The dominating high intensity
NMP signals are found throughout the explored window with
peaks seen at 1676, 1504–1404, 1380, 1300, 1225, 1174, 1115,
1071, 1025,986, 924, 891, 849, 745, 650, 619, 562 and 473 cm1.
The identity of these signals was veriﬁed through comparison of
the spectra with a literature report of SERS conducted in NMP
and also the consistency with which these features were seen [47].
There are however subtle peaks, which are not NMP related, at
1649, 1581, 1371, 891, 829, 648, 496, and 432 cm1. These features
show a potential dependence and decrease in intensity with
increasingly negative applied potentials. Peaks found at 986 and
473 cm1, indicated by an asterisk in Fig. 5, are thought to be
NMP related but do also show a degree of potential dependence.
The identity of the molecules responsible for the other potential
dependent features are all seemingly H2O and O2 related speciessuch as H2O (1) 1650 cm1 [20], –OH (2) of either Au or Li at
1550 cm1, –O2 species (3) 1370 cm1, –OOH species (4)
830 cm1 and Li–O and/or Au–O species found at 450–650 cm1
(5) and (6) [27,48]. The likely adsorption related shifts in wave-
number associated with SERS measurements make the deﬁnitive
assignment of the features based solely on the Raman spectrum
difﬁcult, as the distinction between Au and Li species is relatively
small. XPS analysis of the electrode surface measured ex situ
showed negligible quantities of lithium present compared to oxy-
gen with the O:Li area ratio observed to be 85:1 however this is
not expected to be reﬂective of the electrode environment in situ.
Closer inspection of the potential dependent peaks, as shown
for (2) and (6) in the inset of Fig. 5, reveals that they are clearly dis-
tinguishable from the non-potential dependent solvent back-
ground. An unexpected feature of these peaks is that each of the
signals drops in intensity rather than shifting with potential result-
ing in different peaks. This suggests that the water and oxygen spe-
cies, known to interact with the surface at speciﬁc potentials, are
present on the Au surface prior to their reduction. Rather than see-
ing the reaction products as a new peak, there tends to be a change
in shape and intensity of the existing peak with a lowering in
Fig. 7. Ex situ SERS spectrum of AuWE after application of negative potential in CO2
saturated NMP with LiBF4 (0.1 M). The upper (red) and lower (yellow) lines
represent separate results from different areas of the electrode. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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the proportion of SERS-inducing gold at the surface lowers. From
the degree of drop in intensity with potential, typical examples
of which can be seen in Fig. 5, upon application of 0.9 V onward
the signal intensity drops by approximately a quarter compared
with 0.8 V, but then remains stable through the initial processes
until UPD of Li at approximately 3.6 V, beyond which the signal
drops signiﬁcantly with potential: this potential dependence of
two representative bands is shown in Fig. SI D. The fall-off at the
most negative potentials is presumably due to the deactivation
caused by the formation of lithium metal, rather than the perme-
able monolayer thickness of the Li–O, Li–OH and Li–H expected
at less negative potentials.
The build up of the lithium lowers the amount of gold surface
available for Au–O and similar interactions, with the formation of
Li–Au and Li–Li expected to give a SERS response at the lowest
wavenumber region of the spectra, at approximately 300–
500 cm1 and below [31]. This signal would be expected to
increase as more negative potential were applied, however this
was not observed. The wavenumber range investigated was
400 cm1 and higher so it is possible that the range was insufﬁ-
ciently low to detect these bonds as the only peaks seen below
500 cm1 either decrease in amplitude with applied potential or
remain constant, however there is evidence from the electrochem-
ical measurement made during the SERS measurements that the
lithium deposition region was reached (see Fig. 6).
The same experimental procedure was then carried out with
the only difference being, prior to sealing of the cell and measure-
ment of the SERS, the solution was saturated with CO2. The resul-
tant spectra can be seen in Fig. C of the SI.
The SERS measurements made in CO2-saturated LiBF4 solution
did not possess the ﬂat and consistent background intensity seen
in the previous spectrum (Fig. 5). This was attributed to inconsis-
tencies in the positioning of the cell and laser whilst measure-
ments were made with any perturbation of the cell or laser
resulting in ‘sloshing’ of solution and, consequently, changes in
the electrode position, solution path-length and distance from
the laser. Despite the movement in the background, peaks are still
evident, however upon saturation with CO2, the H2O and O2 fea-
tures seen clearly in Fig. 5 are absent or signiﬁcantly decreased.
The reasons for the loss of these features was addressed earlier;
lower oxygen content and deactivation of the gold surface due to
the accumulation of the CO2-rich passivating layer during the early
stages of the experiment. CO2 is reported as giving Raman peaks at
1275 and 1382 cm1 in aqueous solution [20]. A slight suggestion
of these features can be observed and is labelled on the spectrum,
however they are not particularly clear, perhaps as the CO2
observed at these Raman shifts is not adsorbed at the electrode
surface therefore not subject to SERS enhancement. There is the
possibility that the adsorbed CO2 features may be more effectively
masked by the NMP signal, or if adsorbed the CO2 molecule may no
longer be in possession of Raman active modes. Li–CO2 related fea-
tures are expected to emerge in the regions 800–900 cm1 and
1300–1700 cm1 upon application of potentials more negative
than 1.8 V (vs. Fc) as, from inspection of Fig. 6, this is the poten-
tial at which the initial deactivating layer formation begins [27].
These features are however not apparent with none of the peaks
found to alter signiﬁcantly with applied potential above the sol-
vent and challenging background.
The current responses for the various applied potentials corre-
sponding to the in situ measurements shown in Figs. 5 and SI C
are given in Fig. 6.
From the comparison of the current responses seen for the in
situ measurements with the various applied potentials in both
the presence and absence of CO2 and the cyclic voltammetry given
in Fig. 2, it is clear that the same processes were apparent and thatthe saturation of the system with CO2 gives different surface prod-
ucts and activity. Both the CO2 saturated and Ar degassed systems
show evidence of the ﬁlm formation, deposition and alloy forma-
tion features and bulk reduction of Li+. The bulk process was seen
to occur 500 mV more negative in the presence of CO2 but with the
ﬁrst surface altering reactions seen well before 2.0 V (vs. Fc) for
both systems.
The relative magnitude of the CO2 and ‘blank’ features in the
voltammetry has shifted with respect to Fig. 2 however this is
due to (1) differences in the working area of electrodes employed
and (2) the possibility of differing O2 and CO2 concentrations being
attained within the electrochemical cell employed for the in situ
Raman measurements.
The challenging interpretation of the in situ Raman spectra
gathered against the NMP background was investigated and evi-
dence found that, even in the absence of applied potential, there
was apparent SERS enhancement of the solvent signal so ex situ
Raman spectroscopy was employed. To prepare the sample, chro-
noamperometry was employed applying 3.2 V (vs. Fc), a potential
just prior to the bulk Li+ reductive region, for an hour in the CO2
saturated Li+-NMP system with CO2 ﬂowing through the headspace
of the cell during measurement. The gold foil electrode was then
removed from the cell and thoroughly washed in NMP and water,
sonicated in acetone, rinsed and allowed to dry then the spectrum
acquired, the result of which is given in Fig. 7.
The spectrum presented in Fig. 7 was subject to the same power
and number of accumulations as the in situ measurements with
several spots of the sample investigated. In the absence of NMP
the peaks seen were no longer sharp and well deﬁned, however
the smaller signals are now observable. The most prominent peak,
seen at approximately 1320 cm1 corresponds well to a known
Raman shift due to OCO2Li species (reported previously at
1327 cm1) [44]. The other large peak seen at 1500–1600 cm1
corresponds to the Raman shift for Li2CO3 (1525 cm1) [27]. Both
of these features are located in the wavenumber region associated
with carbonaceous materials, where the D and G band signals are
seen [49], and may well have been almost completely obscured
by the NMP peaks in these regions in the in situ measurements.
Due to the broad nature of the signals observed and the chal-
lenging background, the decisive assignment of the bands proved
difﬁcult based on Raman spectroscopy alone. XPS was employed
as a complementary technique, allowing access to the elemental
Fig. 8. Ex situ SERS spectrum of Au WE after application of negative potential in
NMP with LiBF4 (0.1 M) in the absence of CO2. Insets show enhanced regions of
interest.
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the ﬁttings of the measurements are given in SI (Fig. E). The ratio of
carbon, oxygen and lithium atoms showed C to be present in the
highest proportion (>40%) with approximately equal amounts of
Li and O (<30%). Of the C, the majority was found through peak ﬁt-
ting analysis to be present as C@C species. The remainder, poten-
tially carbon bound to oxygen, is present with an overall
proportion of 15% which is almost exactly half that of the Li andFig. 9. (a) CV of CO2 saturated NMP at Pt foil WE (approx 1 cm2) with TBABF4 (0.1 M, blu
trace) and NaBF4 (0.1 M, red trace) supporting electrolytes. First scans shown in each c
extended vertex potentials. (For interpretation of the references to colour in this ﬁgureO. This suggests the formation of Li2CO2 species, lithium carbonite,
however the surface ﬁlm shows evidence of being inhomogeneous,
with regions of apparent carbon deposits observable through SEM
and EDAX analysis (see SI Fig. F) as well as the expected lithium
salts.
In the absence of CO2 the ex situ Raman spectrum is completely
different, as can be seen from Fig. 8.
The most prominent signals observed in the ex situ SERS spec-
trum for the electrode in the absence of CO2 during preparative
electroreduction are those seen at 1397 and 1367 cm1. These
peaks, although not evident in the CO2 ex situ spectrum (Fig. 7),
correlate well with the potential dependant peak observed in the
in situ Raman for the CO2 free system (peak (3) of Fig. 5). In the
in situ measurements the original feature, found at 1371 cm1,
was seen to split into two distinct peaks upon application of
increasingly negative potential. The position of these peaks is in
keeping with literature reported O2 and O2 species, t(OAO). Inset
enlargements of two other regions of the spectra where signiﬁcant
features were observed are presented. Many of these peaks were
found to correspond to those seen in the in situ CO2-free spectrum.
The upper inset panel (2500–1500 cm1) shows the hydroxide and
water region, showing features similar to peaks (1) and (2) of Fig. 5
and an additional feature at 1800 cm1, which may have been
masked by NMP previously. The other inset spectrum (0–
1250 cm1 region) thought to be due to oxide and hydroxide again
shows clear correlation with the peak at 650 cm1 seen in the same
position in both Figs. 5 and 8, and in literature [47] where it is
assigned as Au(OH)3. Again there are additional peaks present ine trace), TBABF4:NaBF4 1:1 (0.1 M total supporting electrolyte concentration, purple
ase. Scan rate 200 mV s1. (b) Subsequent scans made in the same solutions with
legend, the reader is referred to the web version of this article.)
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Raman response of the NMP, such as those seen at 885, 1000 and
1150 cm1. The 0–400 cm1 region is investigated in this case,
and shows an artefact due to the grating of the spectrometer, how-
ever the peaks at 145 cm1 and 340 cm1 are thought to be associ-
ated with the MAM and MAO bonds.
XPS analysis of this sample was signiﬁcantly different to that of
the CO2 containing system showing evidence of little lithium or
carbon compared to oxygen (84% O, 14% C, 1% Li). This is in keeping
with the Raman analysis where the most intense band was attrib-
uted to OAO species. The presence of carbon in the XPS analysis
may be due to either solvent or adventitious carbon contamination,
which is an inherent difﬁculty with sample preparation for this
technique, however there is a consistent, signiﬁcant difference
between this and the carbon signal observed for the CO2 system.
The spectroscopic conﬁrmation of CO2 derived reaction prod-
ucts on the electrode surface allows a new perspective to be taken
when considering the voltammetry of CO2 reduction for M+ com-
pared with TBA+ supporting electrolyte; in fact the reduction of
CO2 proceeds at a lower overpotential in the presence of M+, the
product however happens to deactivate the electrode to further
reduction.
This interpretation differs signiﬁcantly from what has been
assumed previously, i.e. that TBA+, has an ‘enhancing’ or electron
mediating ability on CO2 reduction [7]. To explore this further, both
TBA+ and M+ were mixed in various proportions (with the total
supporting electrolyte concentration kept constant) and CO2
reduction performed. This was trialled employing both LiBF4/
TBABF4 and NaBF4/TBABF4 systems with the same activity seen
for both; as soon as M+ was present CO2 reduction currents were
lower than those seen in the pure TBA+ system. Once the ratio of
M+ to TBA+ surpassed approximately 1:4, the voltammetry was
dominated by M+ features. This can be seen in Fig. 9
Although the Na+ and Na+:TBA+ mixture CVs do not overlay
exactly they do clearly share important features such as the CO2
related UPD peak at 1.8 V in Fig. 9, and where the CO2 reduction
in the pure TBA+ system is well underway, 2.1 V onward, it has
yet to start in the mixed or Na+ systems: for the latter similar cur-
rent densities are only at potentials that are one volt below those
of the CO2 system. As suggested earlier, and evident from the
nucleation loop, negative current densities at potentials below
3.5 V for the systems containing Na+ can be attributed to metal
ion, rather than CO2, reduction.4. Conclusions
From the investigation of the effect of electrolyte identity upon
CO2 reduction in NMP it has been established that speciﬁc interac-
tions between the electrolyte cation and the solutes dictate the
overall voltammetric response. Alteration of the cation employed
within the system was shown to result in considerable variation
of CO2 reduction potential, associated current response and prod-
uct distribution.
It was found in the NMP system, at both gold and platinum elec-
trodes, that the TBA+ system showed considerably larger absolute
currents for CO2 reduction than when M+ was present (where
M+ = Na+, Li+, Rb+) at higher overpotentials (potentials at and below
2.1 V) with the system as a whole showing no evidence of deac-
tivation. In the presence of M+, CO2 reduction, presumed to occur
via O2, occurred at a lower overpotential however resulted in sub-
sequent electrode deactivation through carbonate and other carbo-
naceous species formation.
No evidence was found for catalytic interaction of TBA+ with
CO2 however, suppression of reduction current over a large nega-
tive potential range in the presence of M+ was decisively provendue to accumulated CO2 reduction products forming a persistent
ﬁlm at the electrode surface.
Through the electrochemical and spectroscopic measurements
made with the array of M+ and TBA+ supporting electrolytes in both
the presence and absence of CO2, it was found that the presence of
alkali metal cations and CO2 formed a deactivating ﬁlm on the elec-
trode surface. The ﬁlm was formed at substantially less negative
potentials than those associated with CO2 reduction in an electro-
lyte containing only TBA+. This ﬁlm resulted in no observable
change in the macroscopic appearance of the surface, in contrast
to the Li+ and Na+ systems in the absence of CO2 where application
of similar potentials increased the roughness of the surface
dramatically.
CO2 was found as part of the layers when relative modest
potentials (1.5 V vs. Fc) were applied, therefore a reactive species
is presumably formed at this potential which combines with CO2 to
give a reduced, yet electrode deactivating, inorganic salt (LiOCO2
and Li2CO3 were detected via Raman spectroscopy but Li2C2O4
and Li2C2O6 are expected depending upon CO2 concentration and
potential) and carbon deposits, which were found to be strongly
adsorbed on the electrode surface and insoluble in NMP, acetone
and water and not removable through sonication.
Where TBA+ and M+ were employed simultaneously in the sys-
tem, the resultant voltammetry shared the majority of features
with the pure M+ system, with CO2 reduction repressed therefore
supporting the conclusion that the ‘catalytic effect’ associated with
TBA+ is due to the comparison with the deactivated M+ system,
rather than any enhancement offered by the former.Conﬂict of Interest
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